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Rapid oxidation processes relevant to the degradation of [4Fe-4S] clusters in Clostridium pasteurianum 
ferredoxin were studied via direct (unmediated) heterogeneous electron transfer at a pyrolytic graphite 
electrode. Differential-pulse voltammograms of native [4Fe-4S] ferredoxin showed two well-defined 
oxidation peaks corresponding to apparent E-values of +793 and +1120 mV at 5°C. Direct involvement 
of the cluster was established through parallel experiments with the 2[4Fe-4Se] derivative for which peak 
positions were shifted. Square-wave voltammetry showed that the product of the first electron transfer, 
which may correspond to the ‘super-oxidised’ [4Fe-4S13+ oxidation level, undergoes rapid degradation 
(tl/z < 1.6 ms at 5°C). The second oxidation process, as characterised by a significant (> 100 mV) negative 
shift upon selenium substitution, very likely represents oxidation of S(Se) still associated with the protein 
and possibly contained within the remaining Fe-S(Se) substructure. 
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1. INTRODUCTION 
Iron-sulphur clusters of the type [3Fe-xS] have 
now been identified in a number of proteins 
ranging from simple ferredoxins to beef heart 
aconitase [l-6]. However, recent demonstrations 
of facile interconversion between [3Fe-xS] and 
[4Fe-4S] clusters emphasise the extent to which 
caution is necessary in assignment of in vivo roles 
for these systems [6-111. Formation of [3Fe-xS] 
sites in ferredoxins from Clostridium pasteuri- 
anum, Bacillus stearothermophilus and Desulfo- 
vibrio gigas upon treatment of native [4Fe-4S] 
forms with hexacyanoferrate(II1) clearly implicates 
the involvement of oxidative processes [6-l 11. 
Furthermore, as recently noted for beef heart 
aconitase [6], the [4Fe-4S] to [3Fe-xS] cluster 
transformation may be a natural consequence of 
aerobic isolation procedures. The mechanism of 
oxidative damage is clearly a subject for specula- 
tion. Within the framework of the ‘three-state 
hypothesis’ [12], one-electron oxidation of the fer- 
redoxin-type [4Fe-4S12+ cluster might be expected 
to yield, at least as a transient species, the ‘super- 
oxidised’ [4Fe-4S13+ state. The ‘super-oxidised’ 
form of C.pasteurianum ferredoxin first reported 
by Sweeney et al. [13], which is EPR active 
(g = 2.01) is now established as being of the 
[3Fe-xS] type [7,8]. The [4Fe-4S13+ oxidation 
level is otherwise stabilised only in the group of 
systems exemplified by the high-potential iron pro- 
tein (HiPIP) from Chromatium [12]. 
We have described rapid unmediated hetero- 
geneous electrochemical redox reactions of C.pas- 
teurianum 2[4Fe-4S]‘+*‘+ ferredoxin (with pro- 
motion by divalent metal ions such as Mg2+) at a 
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pyrolytic graphite electrode [14]. In this manner 
(i.e., without the intervention of small-molecule 
electron mediators) it is possible to use controlled- 
potential voltammetric techniques to measure 
directly the current response of electroactive cen- 
tres in the protein. Through application of this 
approach and use of the 2[4Fe-4Se] derivative of 
Cpasteurianum ferredoxin [ 15,161 we have sought 
to identify facile electron-transfer processes likely 
to be relevant to the oxidative degradation of 
[4Fe-4S] clusters. 
2. MATERIALS AND METHODS 
The 2[4Fe-4S] ferredoxin from C.pasteurianum 
was isolated and used as in [14]. Unlike the direct 
electrochemical reduction and reoxidation of fer- 
redoxin at low potentials, the presence of divalent 
metal cations such as Mg2+ was not obligatory to 
the observation of voltammetric responses in these 
high-potential experiments (see section 4). Buffer 
solutions used for electrochemical experiments 
were prepared from Aristar reagents and examined 
for electrochemical activity over the potential 
range O-900 mV vs SCE using differential pulse 
voltammetry (see below). A solution with the com- 
position 20 mM phosphate(Na) at pH 7.0 with 
0.40 NaC104 as supporting electrolyte showed no 
redox activity over the potential range of interest. 
Similarly, 20 mM phosphate (pH 7.0) and 20 mM 
acetate (pH 5.5) with 0.10 M NaC104 were found 
to be suitable. Sodium sulphide (Fisons, SLR) was 
used after desiccation over silica gel. Small samples 
of 2[4Fe-4SeJ ferredoxin were prepared from 
native C.pasteurianum ferredoxin using the pro- 
cedure in [15,16] with the following modification 
which facilitated rapid electrochemical analysis. 
The DE-52 column loaded with selenium- 
derivatised protein was washed first with 20 mM 
Tris, 0.1 M NaCl (pH 7.4) as described, then with 
an equal volume of 20 mM phosphate(Na), 0.1 M 
NaC104 (pH 7.0). Final elution with the elec- 
trochemical supporting electrolyte (20 mM 
phosphate(Na), 0.40 M NaC104, pH 7.0) was 
made directly into the argon-purged voltammetry 
cell. All protein concentrations were in the range 
0.1-0.3 mM. 
The glass voltammetry cell and electrodes were 
as in [14]. Prior to each voltammetric scan the 
pyrolytic graphite working electrode was polished, 
then subjected to potential precycling in buffer 
solution over the range O-900 mV vs SCE (1 min 
at a linear ramp rate of 100 mV. s-l). 
Differential pulse voltammetry 117,181 and 
square-wave voltammetry [19-221 experiments 
were carried out using Z-80 microprocessor-based 
electrochemical instrumentation. The potentiostat 
used was constructed in this laboratory. The com- 
puter system consisted of a Research Machines 
380-Z microcomputer (48 K memory) interfaced to 
a rack system containing digital-to-analog (DAC) 
and analog-to-digital (ADC) converters. The DAC 
(Analog Devices DAC80-CBl-V) is used to 
generate the potential waveform applied to the 
working electrode via the potentiostat whilst the 
ADC (Analog Devices AD572AD) is used for data 
(current) acquisition. Parameter input and data 
manipulation (including Savitsky-Golay smoothing 
[23]) was carried out in BASIC whilst experimental 
control software was written as assembler language 
routines which are CALLed from BASIC. 
Anaerobicity of samples was achieved by passing 
a slow stream of humidified oxygen-free argon 
across the surface. Most experiments were carried 
out with the cell thermostatted at 5°C at which 
temperature we have adopted a value of E = 257 mV 
vs NHE for the saturated calomel electrode. All 
subsequent potentials are reported with respect to 
NHE. 
3. RESULTS AND DISCUSSION 
Anodic (250-l 150 mV) differential-pulse volt- 
ammograms of C.pasteurianum ferredoxin exhibit 
two well-defined peaks as shown in fig. 1A. By 
contrast with reduction of the cluster (in the 
[4Fe-4S12+.‘+ couple) at pyrolytic graphite, ‘non- 
physiological’ oxidation at high potential proceeds 
without the requirement for Mg’+. In this potential 
domain the electrode is expected to be positively 
charged [24]. This might favour binding with the 
negatively charged protein. With corrections for 
pulse height [25], peak maxima correspond to 
apparent E-values of +793 and +1120 mV at 5°C 
although associated chemical irreversibility (see 
below) precludes any strict thermodynamic inter- 
pretation. The positions of both peaks are un- 
changed at pH 5.5 (acetate) although they are 
sensitive to temperature and become more positive 
as this is increased. At pH 7.0, 0.1 M NaC104, 
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Fig. I. Differential pulse voltammograms of native and 
selenium-substituted C.pasteurianum ferredoxin. Back- 
ground potential step size 9.77 mV, pulse height 100 mV, 
pulse duration 20 ms, delay between pulses 0.7 s. Solu- 
tion conditions were 20 mM phosphate(Na) (pH 7.0), 
0.40 M NaC104, 5°C: (A) 2[4Fe-4S] ferredoxin, 
0.2 mM; (B) 2[4Fe-4Se] ferredoxin, 0.2 mM. 
apparent E values EI, En/mV are +732, +1040 
(25°C); +797, +1090 (SYz). 
Electrochemical oxidation of certain amino acid 
residues at graphite has been the subject of several 
recent reports [26-301. In particular the oxidation 
of free cysteine occurs around 750 mV at pH 6.2 
[26]. This process is pH dependent, the peak poten- 
tial decreasing sharply with increasing pH. Aroma- 
tic residues and cysteine can be oxidised at poten- 
tials around and above + 1 V. It is therefore impor- 
tant to distinguish between electron abstraction 
from the cluster and from the surrounding poly- 
peptide. All 8 cysteine residues in C.pasteurianum 
ferredoxin are involved in cluster binding whereas 
single tryosine and phenylalanine groups comprise 
the total aromatic content [31]. 
Empirical assignment of peaks I and II is pos- 
sible via the use of the 2[4Fe-4Se] derivative, for 
which the protein three-dimensional structure in 
solution is expected to be similar to that of the 
native form. The effect of selenium substitution is 
clearly shown in fig. 1B. Both peaks are shifted to- 
wards more negative potentials, AEr = 37 mV, 
AErr = 135 mV at 5°C. During the course of our 
experiments with the 2[4Fe-4Se] protein (which is 
rather unstable) we noted that decreases in the size 
of peak I and to a lesser extent peak II appeared to 
parallel the slow bleaching of solution colour. 
Square-wave voltammetry, which independently 
measures net current contributions from oxidation 
and re-reduction processes, can yield information 
on the lifetime of transient species generated by 
rapid electron transfer. The oxidation associated 
with peak I is not reversed (fig. 2) under these con- 
ditions. No re-reduction current (i.e., a detectable 
negative component) could be observed using 
square-wave frequencies as high as 200 Hz. Fol- 
lowing the procedure in [32] a computer program 
was written in FORTRAN to solve, using the 
step-function method [33], the integral equations 
describing the kinetic case of assumed reversible 
electron transfer followed by irreversible chemical 
reaction (1): 
kf 
R-e-+0-Z (1) 
This allowed theoretical square-wave voltammo- 
grams to be calculated with variation of all para- 
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Fig. 2. Square-wave voltammogram of C.pasteurianum 
2[4Fe-4s) ferredoxin over the potential range 500-985 
mV vs NHE. Background potential step size 9.77 mV, 
square-wave amplitude (half peak-to-peak) 50 mV, and 
square-wave frequency 40 Hz. Solution concentrations 
and conditions were as in fig. 1. 
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meters, in particular the rate constant, kr, of the 
subsequent irreversible reaction. Using a peak 
reverse current of <l% of the peak net current as 
the criterion for a minimum value of kf, computer- 
calculated voltammograms indicated that kf must 
exceed 425 s-’ at 5°C; i.e., the immediate product 
associated with peak I decays with a half-life 
11/2 < 1.6 ms at 5°C. 
Substitution of selenium for sulphur is expected 
to influence primarily the intrinsic properties of the 
cluster. Such properties include the redox potential 
for which several literature examples serve as a 
guide. Reduction potentials for [4Fe-4S]‘+“+and 
[4Fe-4Se12+*‘+ couples in native- and selen- 
ium-substituted C.pasteurianum ferredoxin differ 
by 6 mV [16]. In the case of the analog 
[4Fe-4S12+*‘+ systems Fe4S4(SPh)$-‘3- and 
FeASe4(SPh)i-‘3-, measured reduction potentials 
differ by 29 mV [34]. Similarly for protein 
[2Fe-2S] systems and corresponding [2Fe-2Se] de- 
rivatives, variable sign perturbations in the range 
lo-38 mV are found [35-37). It is therefore clear 
that selenium substitution into clusters generally 
results in a small but measurable perturbation in 
reduction potential. In addition, the values of kf 
for transient Fe-S and Fe-Se cluster species are 
expected to differ and influence apparent E-values. 
Consequently, it is likely that the observed 37 mV 
shift of peak I upon selenium substitution reflects 
both a perturbation to the potential of the one- 
electron oxidation of [4Fe-4X12+ to [4Fe-4X13+ 
(X = S, Se) according to (2), and respective varia- 
tions in the rate of subsequent degradation, kf (3): 
[4Fe-4S] 2+ w [4Fe-4S13+  e- (2) 
[4Fe-4S13+ --$’ products 
The rapid decay of [4Fe-4S13+ in (3) permits us to 
assign only a lower limit for the redox potential ap- 
plicable to the ‘super-oxidation’ electron-transfer 
reaction. Assuming the electrode reaction approxi- 
mates to that of a reversible one-electron transfer, 
computer calculations of square-wave voltammo- 
grams allow us to assign a lower limit of +860 mV 
for the redox potential. This is to be compared 
with the value of +350 mV measured for the 
[4Fe-4S]3+s2+ couple of Chromatium HiPIP [12]. 
The temperature dependence of the apparent EI 
value very likely arises from activation require- 
ments for the following degradation reaction (3). 
The marked sensitivity of peak II to selenium 
substitution strongly suggests that localised S(Se) is 
the primary target for further oxidation processes. 
We were unable to observe eletrochemistry of free 
S2- (1 mM Na2S in buffer) within this potential 
region. Consequently it is likely that peak II corres- 
ponds to oxidation of ‘inorganic’ S/Se still 
associated with protein and possibly contained 
within any remaining Fe-S substructure. 
In conclusion, we have demonstrated the exis- 
tence of facile cluster oxidation processes for 
C.pa.steurianum ferredoxin. The first of these elec- 
tron-transfer reactions, most likely the generation 
of a ‘super-oxidised’ [4Fe-4S13+ oxidation level, 
followed by rapid irreversible degradation, is a 
likely pathway for oxidative damage. 
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